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(54) Wide band 



fiber amplfier (EDFA) 



(57) The proposed amplifier structure and associat- 
ed method of optical signal amplification efficiently uti- 
lizes the limited length of rare earth-doped optical am- 
plifier. A multi-stage of amplification stages, which in- 
cludes a first erbium-doped fiber amplifier stage 
pumped by a first pump light source and a second er- 
bium-doped fiber amplifier stage pumped by a second 
pump light source, is provided and includes a split sec- 
tion disposed between the first and second amplification 



stages for splitting the amplified signal light into a C- 
band and a L-band; a reflector for reflecting the amplified 
output of the second amplifier stage back into the sec- 
ond amplifier stage and the first amplifier stage in a re- 
verse direction; a combiner for combining the reflected 
output, in succession, from the second amplifier and first 
amplifier to produce an output signal; and, a circulator 
for redirecting the reflected output traveling in a reverse 
direction to the input of the combiner. 
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Description 

[0001] The present invention relates to optical com- 
munications systems and, in particular, to a wide band 
optical amplifier. 

[0002] In general, fiber amplifiers are crucial elements 
for high-performance fiber-optic communications sys- 
tems and networks. The ability to directly amplify optical 
signals, without converting them to some other form for 
processing, is highly desirable for communications. Var- 
ious designs of silica-based earth-doped optical fibers, 
i.e., erbium-doped fiber amplifiers (EDFAs), have been 
employed to amplify optical signals in communication 
systems. Increasing the EDFA gain bandwidth increas- 
es the system capacity. Complex techniques are used 
to achieve a wide gain in the conventional wavelength 
range between 1530 nm-1560 nm (hereinafter referred 
to as "C-band") and the long wavelength range between 
1570 nm-1 610 nm (hereinafter referred to as "L-band") 
for the wavelength-division-multiplexed (WDM) trans- 
mission system. 

[0003] FIG. 1 illustrates a schematic view of conven- 
tional broadband EDFA, which are capable of producing 
a broad optical bandwidth. Basically, the conventional 
EDFA is divided into two amplification sections. The in- 
put signals are split into two sub-bands, the C-band and 
the L-band are amplified Independently. Then, the am- 
plified signals are recombined afterwards to produce an 
output signal. FIG. 2 illustrates the output power spec- 
trum and the noise figure spectra of the prior art system 
of FIG. 1. Here, the gain is produced by an erbium- 
doped silica fiber. 

[0004] As shown in FIG. 1 , the L-band fiber amplifier 
typically requires a much longer length of EDFs (1 88m) 
and more power pumps as the power inversion has typ- 
ically been lower than that observed in C-band EDFAs. 
Thus, the installation of the prior art system is not cost- 
effective due to longer EDFAs and higher pump power 
requirements. Accordingly, there is a need for a cost- 
effective optical power amplifier with improved power 
conversion efficiency. 

[0005] The present invention is directed to an optical 
amplifier with a structure that efficiently utilizes erbium- 
doped fiber amplifiers (EDFAs) and the associated 
pump source, and as a consequence provides an in- 
creased signal bandwidth using much shorter erbium- 
doped fibers (EDFs) and less light pump power. 
[0006] Accordingly, the inventive optical fiber includes 
a first erbium-doped fiber amplification stage being 
pumped by a first pump light source; a second erbium- 
doped fiber amplifier stage being pumped by a second 
pump light source; a split section disposed between the 
first and second amplification stages for splitting the am- 
plified signal light into a first sub-band and a second sub- 
band, a reflector for reflecting the amplified output of the 
second amplifier stage back into the second amplifier 
stage in a reverse direction; a combiner for combining 
the reflected output, in succession, from the second am- 
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plrfier and first amplifier to produce an output signal; and, 
a circulator for redirecting the reflected output traveling 
in a reverse direction to the input of the combiner. 
[0007] The method of amplifying optical signals hav- 
5 ing two or more optical bands includes the steps of: 
passing input optical signals through a first amplifier 
stage; splitting the amplified input signals into a C-band 
and L-band signals; further amplifying the L-band signal 
in a second amplifier stage; redirecting the amplified L- 
io band again back into the second amplifier stage in a re- 
verse direction; and, recombining the redirected L-band 
and the Ob and to produce an output signal. 
[0008] The foregoing and other features and advan- 
tages of the invention will be apparent from the fallow- 
's Ing, more detailed description of preferred embodiments 
as illustrated in the accompanying drawings in which ref- 
erence characters refer to the same parts throughout 
the various views. The drawings are not necessarily to 
scale, the emphasis instead is placed upon illustrating 
20 the principles of the invention. 

FIG. 1 illustrates an erbium-doped fiber amplifier 
(EDFA) according to a prior art system; 

25 FIG. 2 is a plot of gain and noise figure (dB) vs. 
wavelength (nm) resulting from an experimental re- 
sult of the optical fiber amplifiers depicted in FIG. 1 ; 

FIG. 3 is a schematic view of a wide band EDFA 
30 according to a first embodiment of the present in- 
vention; 

FIG. 4 is a schematic view of a wide band EDFA 
according to a second embodiment of the present 
35 invention; 

FIG. 5 is a plot of gain and noise figure (dB) vs. 
wavelength (nm) resulting from an experimental re- 
sult of the wide band EDFA according to the em- 
40 bodiment of the present invention; and, 

FIG. 6 is a comparison table illustrating the output 
power between the prior art structure and the inven- 
tive structure. 

45 

[0009] In the following description, for purposes of ex- 
planation rather than limitation, specific details are set 
forth such as the particular architecture, interfaces, 
techniques, etc., in order to provide a thorough under- 
go standing of the present invention. However, it will be ap- 
parent to those skilled in the art that the present inven- 
tion may be practiced in other embodiments, which de- 
part from these specific details. For the purpose of sim- 
plicity and clarity, detailed descriptions of well-known 
55 devices and methods are omitted so as not to obscure 
the description of the present invention with unneces- 
sary detail. 

[0010] FIG. 3 is a schematic view illustrating the com- 
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ponents of a wide band optica) amplifier 1 0 according to 
a first embodiment of the present invention. Basically, 
the inventive amplifier 10 is divided into two amplifier 
sections, first amplification and second amplification 
stages. The first amplification stage includes a first er- 
bium-doped coil of fiber 1 8 for amplifying the input opti- 
cal signals of both the C-band and L-band, and a second 
amplification includes a second erbium-doped coil of fib- 
er 22 for amplifying the L-band. The C-band ranges from 
1530 nm to1560 nm, and the L-band ranges from 1570 
nm to 1 600 nm. it should be noted that these ranges are 
implementation-dependent, thus they may vary de- 
pending upon the design and erbium-doped fiber (EDF). 
[0011] Major components of the wide band optical 
amplifier 10 according to the first embodiment of the 
present invention include a circulator 1 2; a 980nm pump 
laser diode 1 6 coupled to a 98071 550nm wavelength se- 
lective coupler (WSC) 14; an erbium-doped fiber (EDF) 
18; a first 1550/1590nm WSC 20; a second EDF 22; a 
backward 1480 nm pump laser diode 28 coupled to a 
1 480/1 550nm WSC 24; a reflector 26; an isolator 30; 
and, a second 1550/1590 nm WSC 32. These compo- 
nents of the inventive amplifier 1 0 are generally known 
and commercially available. Although the length of er- 
bium-doped fibers (EDFs) is shown in FIG. 3 for illustra- 
tive purposes, it is to be understood that the inventive 
amplifier 1 0 can support a different length of EDF. Thus, 
the length of EDF in the drawing should not impose lim- 
itations on the scope of the invention. 
[0012] In operation, optical signals passing through 
the circulator 1 2 and propagating in the forward direction 
are amplified by the first EDF 18, which is pumped with 
a 980nm diode laser 16 via the 980/1550 nm WSC 14, 
prior to splitting. The pump LD 16 preferably emits a 
pump wavelength in a wavelength band centered at 
about 980 nm; however, 1480 nm pumping is also suit- 
able, as those skilled in the art will appreciate as the 
conventional pump wavelength for EDFAs. The length 
of the first amplifier stage is preferably > 1 8 meters, and 
when pumped with light from the pump source 16 such 
that some of the pump light is absorbed in the first am- 
plification stage. Thereafter, the amplified signals are 
then split into two sub-bands, the C-band and the L- 
band, through action of the first 1 550/1 590nm WSC 20. 
Those skilled in the art will appreciate that the first WSC 
20 can take the form of a grating, band splitter, thin film 
filter, WDM device, and other components suitable for 
reflecting or redirecting one or more band of wave- 
lengths. The spiitted C-band signals are forwarded to- 
ward the isolator 30. The function of the isolator 30 is to 
permit light to pass through in only one direction, thus 
preventing any reflections in the first WSC 20. Mean- 
while, the L-band signals pass forwardly through the 
second amplification stage of the second EDF 22, which 
is pumped with a 1480 nm diode laser 28 via the 
1 480/1 550nm WSC 24. The pump 28 preferably emits 
a pump wavelength in a wavelength band centered at 
about 1480 nm, however 980 nm pumping is also suit- 



able, as those skilled in the art will appreciate as the 
conventional pump wavelength for EDFAs. The length 
of the second amplifier stage is preferably £ 85 meters, 
and when pumped with light from the pump source 28 
5 such that some of the pump light is absorbed in the sec- 
ond amplification stage. 

[0013] Thereafter, the amplified L-band signals 
traveling in the forward direction are reflected by the fib- 
er reflector 26 and redirected back into the second arrv 

io plif ication stage. At this time, the forward C-band ampli- 
fied spontaneous emission (hereinafter AS E) generated 
at the second amplifier stages is also reflected by the 
fiber reflector 26 in a reverse direction. The reflected L- 
band and C-band ASE are directed back into the second 

'5 amplifier stage through the second EDF 22 for further 
amplification. The reverse C-band ASE is blocked by the 
first WSC 20 and the remaining reversely amplified L- 
band pass through, in sucession, the first WSC 20, the 
first EDF 18, the 980/1550 nm WSC 14, the circulator 

20 12 in order, and finally arrive at the input of the second 
1550/1590 WSC 32. Hence, when the reflected light is 
further amplified through the reverse amplification proc- 
ess, the present invention effectively pumps the L-band 
of the erbium-gain spectrum of the second amplification 

25 stage, resulting in a wide signal gain bandwidth . The re- 
flected L-band is recombined with the C-band that is out- 
putted from the isolator 30 in the second WSC 32 to pro- 
duce an output signal. 

[0014] The key features of the inventive amplifier 20 
30 are a high gain produced by multiple stages, a high 
pumping efficiency, thus requiring less EDF power pump 
components. This result is accomplished through the 
ability of further amplifying signals in the reverse direc- 
tion, as described in the preceding paragraphs. When 
35 the L-band passes through multiple amplification stages 
due to the reflector 26 and enhances the output power 
of this sub-band, a high gain of more than 20dB may be 
achieved. 

[001 5] In another embodiment, a wide band amplifier 

40 structure illustrating the principles of the present inven- 
tion is shown schematically in FIG. 4. The construction 
and operation of the second embodiment are essentially 
the same as that described above with respect to FIG. 
3. The only notable difference is that a forward pumping 

45 is used in the second amplifier stage. 

[001 6] Referring to FIG. 4, the wide band optical am- 
plifier 40 according to a second embodiment of the 
present invention includes a circulator 42; a 980nm 
pump laser diode 46 coupled to a 980/1 550nm wave- 

50 length selective coupler (WSC) 44; an erbium-doped fib- 
er (EDF) 48; a first 1 550/1 590nm WSC 50; an isolator 
52; a second 1550/1590 WSC 54; a 1480 pump laser 
diode 58 coupled to a 1 480/1 550nm WSC 56; a second 
EDF 60; and, a reflector 62. The length of respective 

55 erbium-doped fibers (EDFs) is shown in FIG. 4 for illus- 
trative purposes. However, it is to be understood that 
the inventive amplifier 1 0 can support a different length 
of EDF. Thus, the length of EDF in the drawing should 
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not impose limitations on the scope of the invention. In 
addition, the discussion of similar components de- 
scribed with reference to FIG. 4 is omitted to avoid re- 
dundancy, as they are described with respect to FIG. 3. 
[0017] In the embodiment, the input optical signals 
propagating forwardly through the circulator 42 are am- 
plified by the first EDF 48, which is pumped with a 
980nm diode laser 46 coupled to the 980/1 550 nm WSC 
44. Then, the amplified light Is split into two sub-bands, 
the C-band and the L-band, through action by the first 
1 550/1 590nm WSC 50. The reflected C-band travels 
forwardiy through the isolator 52, which permits the light 
to pass through in only one direction and prevents any 
reflections from the first 1550/1590 WSC 50. Mean- 
while, the L-band continues to pass forwardly through 
the second EDF 60, which is pumped with a 1480 nm 
diode laser 58 that is coupled to the 1480/1 550nm WSC 
56. Thereafter, the amplified L-band and the forward C- 
band ASE generated at the EDP 60 are received and 
reflected by the fiber reflector 62 in a reverse direction. 
The reflected L-band and C-band ASE (i.e., opposite di- 
rection of pump light propagation from the pump source 
58) travel back Into the second amplification stage. 
Then, the 1480 pump laser diode 58 further amplifies 
the reflected L-band traveling in a reverse direction with 
the reflected C-band ASE received thereon. The re- 
versely amplified L-band is even further amplified by the 
980 nm pump LD 46 when traveling in the first amplifi- 
cation stage in a reverse direction. Finally, the reversely 
amplified light is redirected by the circulator 42 toward 
the WSC 54 and recombined with the C-band output 
from the isolator 52 to produce an output signal. 
[0018] A working experiment was performed using 
the inventive wide band optical amplifier structures of 
FiGs. 3 and 4. FIG. 5 represents a plot of gain and noise 
figure (dB) vs. wavelength (nm) resulting from a numer- 
ical simulation of the wide band ED FA according to the 
embodiment of the present invention. For experiment, 
a set of two EDFs, 1 8 meters and 85 meters, were used 
for amplification. A first pump laser 16 operating at 980 
nm for the C-band and the L-band and a second pump 
laser 28 operating at 1 480 nm for the L-band were used. 
The gain bandwidth and the used pump power for the 
inventive structures of FIGs. 3 and 4 and the prior art 
structure of FIG. 1, resulting from the experiment, are 
shown in FIG. 6. From FIG. 6, it can be seen that a sim- 
ilar gain bandwidth was achieved using much lower 
pump power and shorter EDFs. From this result, it can 
be seen that the inventive structure was able to obtain 
the similar gain goal as in the prior art system but in a 
much more cost-effective way. 
[0019] While the preferred embodiments of the 
present invention have been illustrated and described, 
it will be understood by those skilled in the art that var- 
ious changes and modifications may be made, and 
equivalents may be substituted for elements thereof. 
For example, the principles of the present invention are 
applicable to other rare earth-doped optical amplifiers, 
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i.e., thulium-doped fiber or hybrids such as oxyhalide 
active fibers. Many modifications may be made, such as 
incorporating a bi-directional power pump in both the 
first and second amplification stages. 

5 

Claims 

1 . A wide band optical amplifier, comprising: 

to 

a first erbium-doped fiber amplifier stage {S A ) 
pumped by a first pump light source; 
a second erbium-doped fiber amplifier stage 
(S2) pumped by a second pump light source; 
a split section disposed between said S 1 and 
said S2 for splitting amplified signal light that 
enters said split section at least Into a first sub- 
band and a second sub-band, wherein said 
second sub-band is forwarded to said 

20 a reflector for reflecting an amplified output sig- 

nal of said S2 back into said second and said 
S 1 in a reverse direction; and, 
a combiner for combining said reflected output 
signal from said S2 and said S 1 and said first 

25 sub-band to produce an output signal of said 

amplifier. 

2. The amplifier of claim 1 , further comprising a circu- 
lator for redirecting said reflected output from said 

30 S2 and said S 1 traveling in a reverse direction to the 
input of said combiner. 

3. The amplifier of claim 1 or 2, further comprising an 
isolator for forwardly directing said first sub-band to 

35 the input of said combiner. 

4. The amplifier of one of the claims 1 to 3, wherein 
said first pumping light source is in one of a forward 
travelling and a backward travelling direction with 

40 respect to a direction of amplified signal light. 

5. The amplifier of one of the claims 1 to 4, wherein 
said second pumping light source is in one of a for- 
ward and a backward travelling direction with re- 

4* spect to a direction of amplified signal light. 

6. The amplifier of one of the claims 1 to 5, wherein 
said second pump light source provides an amount 
of amplified spontaneous emission (ASE) travelling 

so in a forward direction, said forward ASE providing 
excitation light for said S2 when reflected by said 
reflector 

7. The amplifier of one of the claims 1 to 6, wherein 
55 said first pump light source provides an amount of 

amplified spontaneous emission (ASE) travelling in 
a forward direction, said forward ASE providing ex- 
citation light for said S 1 . 
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8. The amplifier of one of the claims 1 to 7, wherein 
the pump light generated by said first pump light 
source is in a wavelength band centered at about 
980 nm. 

5 

9. The amplifier of one of the daims 1 to 8, wherein 
the pump light generated by said second pump light 
source is in a wavelength band centered at about 
1480 nm. 

10 

10. The amplifier of one of the claims 1 to 9, wherein 
the length of the erbium-doped fiber of said S2 is 
substantially greater than the length of the erbium- 
doped fiber of said S 1 . 

15 

11. The amplifier of one of the claims 1 to 10, wherein 
the split section is adapted to split the amplified sig- 
nal light that enters said split section into a plurality 
of sub-band signals; and 

the combiner is adapted for combining said reflect- 20 
ed output signal and one of said sub-band signals 
output from said split section. 

12. A method of amplifying optical signals having two 

or more optical bands, the method comprising the 25 
steps of: 

a) passing input optical signals through a first 
amplifier stage (S 1 ); 

b) splitting said amplified input signals into C- 30 
band and L-band signals; 

c) further amplifying said L-band signal in a sec- 
ond amplifier stage (S2); 

d) redirecting said amplified L-band signal back 
into said Sj and said S 1 in a reverse direction; 35 

e) amplifying said redirected L-band in said 
and said S 1 ; and, 

f) recombining said redirected L-band and said 
splitted C-band to produce an output signal. 

40 

13. The method of claim 12, wherein said C-band rang- 
es substantially from 1530 nm to 1560 nm. 

14. The method of claim 12 or 13, wherein said L-band 
ranges substantially from 1 570 nm to 1 600 nm. 45 

15. The method of one of the daims 12 to 14, wherein 
said step d) comprises the step of redirecting an 
amount of forward ASE back into said S2 for ampli- 
fication, so 
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